During brainstem development, newborn neurons originating from the rhombic lip embark on exceptionally long migrations to generate nuclei important for audition, movement, and respiration. Along the way, this highly motile population passes several cranial nerves yet remains confined to the CNS. We found that Ntn1 accumulates beneath the pial surface separating the CNS from the PNS, with gaps at nerve entry sites. In mice null for Ntn1 or its receptor DCC, hindbrain neurons enter cranial nerves and migrate into the periphery. CNS neurons also escape when Ntn1 is selectively lost from the sub-pial region (SPR), and conversely, expression of Ntn1 throughout the mutant hindbrain can prevent their departure. These findings identify a permissive role for Ntn1 in maintaining the CNS-PNS boundary. We propose that Ntn1 confines rhombic lip-derived neurons by providing a preferred substrate for tangentially migrating neurons in the SPR, preventing their entry into nerve roots.
INTRODUCTION
A basic organizing principle of the nervous system is the segregation of the peripheral nervous system (PNS) and CNS, which are anatomically and functionally distinct yet linked by nerves. This is particularly apparent in the vertebrate brainstem, which houses ten cranial nerves as well as a constellation of nuclei that govern functions critical to life, from motor coordination to auditory processing (Farago et al., 2006; Wang et al., 2005) . Many of these nuclei are composed of neurons originating from the rhombic lip, a transient strip of proliferating neuroepithelium lining the fourth ventricle during development (Ray and Dymecki, 2009 ). The formation of hindbrain nuclei, therefore, depends on the successful tangential migration of newborn neurons from the rhombic lip to their final destinations. This route is unusually long and complex, especially since the surface of the hindbrain is broken by multiple cranial nerve roots that the rhombic lip derivatives must ignore. Although several guidance cues play critical roles sculpting the trajectory of tangentially migrating neurons in vivo (reviewed in Kratochwil et al., 2017) , nothing is known about the molecular mechanisms that confine these neurons to the CNS, despite opportunities to deviate into the periphery.
Pontine neurons (PNs) traverse one of the longest migratory routes in the hindbrain, ultimately settling at the midline to supply excitatory mossy fiber input to the cerebellum (Kratochwil et al., 2017) . PNs originate from the rhombic lip in rhombomeres (r)6-r8 from embryonic day (E) 12.5 to E16.5. They extend long leading processes (Ono and Kawamura, 1990; Yee et al., 1999) as they migrate beneath the pial surface, maneuvering between the trigeminal (Vth), facial (VIIth), and vestibulocochlear (VIIIth) nerve roots and arriving at the ventral midline of r3-r4 several days later (Nichols and Bruce, 2006) (Figure 1A ). This navigation depends on the activity of several guidance cues, including Slits, which are secreted by the facial motor nucleus to prevent premature ventral migration (Geisen et al., 2008) , and meninges-derived chemokine SDF-1, which keeps PNs from migrating into the neuroepithelium (Zhu et al., 2009) . What prevents PNs from escaping in the opposite direction, into the periphery, is unknown.
One of the first guidance cues implicated in PN migration is the classic chemoattractant Netrin-1 (Ntn1). PNs are highly sensitive to Ntn1 and can migrate toward a source of Ntn1 over unusually long distances in vitro (Yee et al., 1999) ; in vivo, the pontine nuclei are missing in mice severely hypomorphic for Ntn1 (Serafini et al., 1996; Yee et al., 1999) . These data were originally interpreted to indicate that a floor-plate-derived gradient of Ntn1 guides PNs to the midline during the final leg of their migration (Zelina et al., 2014) , much as Ntn1 was proposed to guide commissural axon growth in the developing spinal cord (Kennedy et al., 2006; Serafini et al., 1996) . However, Ntn1 is also expressed in the ventricular zone Serafini et al., 1996) , and this source is required for proper commissure formation (Charron et al., 2003) . The protein itself is deposited in the sub-pial region (SPR) adjacent to the basement membrane (BM) surrounding the neural tube (Kennedy et al., 2006; MacLennan et al., 1997; Varadarajan et al., 2017) . Recent genetic studies have underscored the importance of SPR-localized Ntn1 for commissural axon guidance (Dominici et al., 2017; Varadarajan et al., 2017; Yamauchi et al., 2017) , consistent with documented functions for Ntn1 in the BM of other tissues (Liu et al., 2004; Srinivasan et al., 2003; Yebra et al., 2003) . This suggests that additional roles for locally produced Ntn1 in the developing nervous system likely remain to be found, particularly in cases such as PN migration, where neurons migrate along the pial surface rather than through the neuroepithelium. Indeed, the complete range of Ntn1's effects on PN migration is still unclear, due both to the hypomorphic nature of the original allele and to the lack of information about the ultimate fate of PNs.
Here, we show that Ntn1 functions as a permissive cue to confine PNs to the CNS. We propose that Ntn1 in the sub-pial region provides a preferred corridor for migrating rhombic lip-derived neurons, allowing them to distinguish the appropriate migratory substrate and avoid opportunities to migrate instead into the periphery. These findings introduce another local function for Ntn1 and establish an additional molecular explanation for how CNS-PNS segregation is achieved in the brainstem, a hub for CNS-PNS interactions that are vital for life.
While the molecules that define many aspects of this complex migratory route have been identified, the cues that instruct PNs to stay in the SPR and avoid cranial nerve roots remain unknown. During the peak of migration at E15.5, PNs traverse hundreds of microns as they move past the cranial nerves. Throughout this journey, PNs express the Ntn1 receptor Deleted in Colorectal Carcinoma (DCC) and are exposed to Ntn1 produced in the floor plate (FP) and ventricular zone (Yee et al., 1999) . When Ntn1 levels are reduced, rare spinal cord interneuron axons can be found in dorsal root ganglia (Laumonnerie et al., 2014) , hinting at a role in setting the CNS-PNS boundary. We therefore hypothesized that Ntn1 not only guides PNs to the midline but also keeps them contained within the CNS.
Since Ntn1 is a potent secreted cue, we examined the localization of Ntn1 relative to its sources in the hindbrain at the onset of PN migration at E13.5 (de Diego et al., 2002; Yee et al., 1999) . Immunostaining revealed that Ntn1 protein is widely distributed ( Figures 1B and  1B' ; n = 2 animals), accumulating in the FP, on commissural axons, and in the SPR in the vicinity of the laminin-positive pial BM, as described previously (Dominici et al., 2017; Kennedy et al., 2006; MacLennan et al., 1997; Varadarajan et al., 2017) . Notably, Ntn1 is absent from nerve roots, where cranial nerves project into or out of the CNS via gaps in the pial BM at stereotyped locations ( Figures 1C and 1C' ; n = 2 animals). Thus, Ntn1 protein is present where PNs migrate, but not at sites they avoid.
To determine whether migrating PNs might encounter and respond to Ntn1 in the SPR, we stained for PN markers Pax6 and DCC at E13.5, when PNs have begun exiting the rhombic lip, and at E15.5, when they are passing by cranial nerves. At E13.5, Pax6+/DCC+ cells cluster beneath the pial BM ( Figures 1D-1E' ; n = 4 animals) and maintain this position as they navigate near the facial (VII) and vestibulocochlear (VIII) nerves at E15.5 ( Figure 1F ). Since Ntn1 is enriched in the SPR, migrating DCC+ PNs likely encounter Ntn1 from early on. Given the conspicuous absence of Ntn1 at nerve roots-which migrating PNs avoidthis pattern of distribution suggests that Ntn1 may contribute to the confinement of tangentially migrating neurons in the hindbrain by providing an attractive substrate.
Loss of Ntn1 Causes PNs to Exit the Hindbrain and Enter the Periphery
Earlier analyses of hypomorphic Ntn1 animals (Ntn1 trap/trap ) suggested that Ntn1 mediates the final ventral migration to the midline, as PNs complete most of the first and second phases of their migration (Zelina et al., 2014) . However, phenotypic analyses of Ntn1 null animals (Ntn1 −/− ) showed that residual Ntn1 in hypomorphs masks the full extent of its role in guidance (Bin et al., 2015; Yung et al., 2015) . We posited that complete loss of Ntn1 might reveal additional functions earlier in migration, particularly since PNs are exposed to Ntn1 far before their final ventral turn.
To visualize PN distribution, we collected transverse sections of embryonic Ntn1 −/− heads spanning the anterior extramural stream (AES) through which PNs travel. In E15.5 control animals (n = 4), the AES is identifiable as a dense stripe of Pax6+ nuclei and DCC+ processes traveling beneath the pial surface ( Figures 2B-2D ), giving rise to the pontine nuclei at the midline, which first appear at late E14.5 (Nichols and Bruce, 2006) . In contrast, in Ntn1 −/− animals (n = 6), the AES was missing, and there were ectopic streams of Pax6+ and DCC+ neurons immediately ventral to the stereotyped location of the AES, as if the PNs had been diverted into the periphery ( Figures 2B' and 2C' ). Ectopic Pax6+ nuclei and a few DCC+ processes were rarely found in the trigeminal (Vth) ganglion ( Figure 2D' ). However, the facial and vestibulocochlear nerves contained similar numbers of ectopic nuclei ( Figure  2E ; n = 6 nerves each). We focused on the vestibulocochlear (VIIIth) nerve as a site of exit, as it is the first nerve root that migrating PNs pass and because the cochlea is an enclosed, easily recognizable landmark. These findings suggest that, in addition to mediating the final ventral turn to the midline, Ntn1 acts earlier to prevent PNs from migrating along cranial nerves and into the periphery.
To confirm the origin and identity of these neurons, we genetically labeled PNs by providing tamoxifen to E13.5 Atoh1 CreERT2 ;Ai14 mice crossed onto the Ntn1 null background. tdTomato+ cells also expressed both Pax6 and DCC ( Figures 2G-2H '''; n = 3 animals), demonstrating that the ectopic neurons in the cochlea derive from the rhombic lip. Likewise, in Ntn1 mutants, Pax6+ neurons first reach the cochlea at E13.5 and increase in number steadily up until E15.5 ( Figure 2F ; n = 6 cochleae per time point), matching the timing of PN production and migration. These neurons accumulate mostly in the base and middle turns of the cochlea, which lie closest to the hindbrain. Taken together, these data demonstrate that the Pax6+ neurons invading Ntn1 −/− cochleae are bona fide PNs.
Despite their ectopic location, the misrouted PNs survived and differentiated within the cochlea. At E18.5, 103.5 ± 42.6 (mean ± SD) Pax6+ PNs were present in the cochlea, but instead of integrating into the spiral ganglion, the PNs, which express low levels of Gata3, formed a rind around the Gata3-high spiral ganglion neurons (SGNs; Figures 3A-3C '; n = 3 Ntn1 −/− ). The gross organization of the spiral ganglion was remarkably normal, as visualized by crossing a MafB GFP allele (Moriguchi et al., 2006) into the Ntn1 −/− background. As in control embryos, GFP+ SGNs extended orderly bundles of radial fibers toward the hair cells in mutants (Figures 3D and 3F ; n = 3 Ntn1 −/− ), beneath an overlying swath of processes from GFP−/Tuj+ PNs ( Figures 3E and 3G ). Since Ntn1 mutants die at birth, we could not examine the fate of ectopic PNs in adults. Nonetheless, these data show that PNs thrive in the cochlea but stay segregated from the SGNs.
Multiple Populations of Neurons Escape the CNS in Ntn1 Mutants
In addition to PNs, many other rhombic lip derivatives migrate through the SPR, including neurons of the cochlear nucleus, inferior olive, and external cuneate nucleus (Machold and Fishell, 2005; Nichols and Bruce, 2006; Wang et al., 2005) . As these neurons also respond to Ntn1 (Alcántara et al., 2000; Bloch-Gallego et al., 1999; Causeret et al., 2002; Howell et al., 2007; Riyadh et al., 2014; Marcos et al., 2009 ), we wondered if Ntn1's role in confinement extends to other rhombic lip derivatives. Since Ntn1 is expressed in the neural tube as early as E9.5 Serafini et al., 1994; Yee et al., 1999) , we examined the trajectory of some of the earliest born rhombic lip-derived neurons in the CNS by injecting tamoxifen at E9.5 into Atoh1 CreERT2 ;Ai14 mice crossed to the Ntn1 null background. As expected, many commissural neurons were labeled, shown by the presence of tdTomato+ processes crossing the midline at E11.5 (Figures S1A'-S1A'''; n = 2 controls). In Ntn1 −/− animals, tdTomato+ neurons resided in more dorsal locations, and the commissure failed to form. Additionally, many labeled cell bodies and processes were found outside the hindbrain near and along cranial nerve roots (Figures S1B'-S1B'''; n = 3 mutants). As in older animals, the tdTomato+ cells escaped through the Vth, VIIth, and VIIIth nerves, raising the possibility that later born neurons such as PNs depend on these existing ectopic tracts to exit the CNS. However, we found that, within the VIIIth nerve, PNs were not physically associated with any other ectopic DCC+ axons and were consistently present independent of other ectopic projections, such as those from the earlier born neurons in the ventral cochlear nucleus ( Figure S2 ). These observations argue that the departure of PNs is not secondary to earlier phenotypes. Thus, multiple populations of neurons exit the CNS in the absence of Ntn1, indicating that Ntn1 plays a general role in establishing the CNS-PNS boundary.
DCC Is Also Required for PN Confinement
Since PNs express DCC and fail to reach the midline in DCC −/− animals Yee et al., 1999) , we hypothesized that Ntn1-DCC signaling underlies their confinement. Consistent with this idea, DCC −/− animals contain ectopic neurons in the cochlea that were assumed to be displaced SGNs (Kim et al., 2016) . We found not only that ectopic neurons in DCC −/− cochlea express Pax6, indicative of PN identity instead, but also that Pax6+ neurons are also present elsewhere in the periphery, such as in the VIIth and VIIIth nerves, demonstrating that DCC enables Ntn1-mediated confinement. However, there were not as many neurons in DCC −/− cochleae as in Ntn1 mutants ( Figure 4A ; n ≥ 6 cochlea per genotype), hinting that another receptor also contributes.
Ntn1 signals through many receptors, including Unc5 family members, Down syndrome cell adhesion molecule (DSCAM), integrins, and the DCC ortholog Neogenin (reviewed in Lai Wing Sun et al., 2011) . We predicted that Neogenin might influence Ntn1-mediated confinement, since DCC and Neogenin collaborate to mediate midline crossing in commissural neurons (Xu et al., 2014) . As in previous reports (Brugeaud et al., 2014; Fitzgerald et al., 2007; van den Heuvel et al., 2013) , we observed low levels of Neogenin throughout the E15.5 hindbrain (Figures 4B and 4B'; n = 2 Ntn1 +/− ), with stronger expression in the surrounding mesenchyme and SGNs. We did not detect Neogenin in migrating PNs and found no obvious qualitative differences in the size or location of the pontine nuclei or the trajectory of the AES in either Neo1 hypomorphs (Neo1 Gt/Gt ; Bae et al., 2009; Leighton et al., 2001) (Figures 4D-4G ; n = 3 Neo1 Gt/Gt ) or null animals (Kam et al., 2016) (Figures S3A and S3B ; n = 3 Neo1 −/− ). Ectopic PNs in the cochleae also did not express Neogenin (Figures 4C and 4C'; n = 3 Ntn1 −/− ), suggesting that Neogenin is not required for PN migration or confinement. Nonetheless, increasing numbers of Pax6+ neurons accumulated in the cochlea, as more copies of Neo1 were lost in the DCC null background ( Figure 4A ). Thus, Neogenin affects Ntn1-mediated PN confinement when DCC is absent, but not when DCC is present.
Neogenin Functions Non-Cell-Autonomously in PN Migration
A redundant function for Neogenin within PNs would provide the simplest explanation for why DCC −/− ; Neo1 Gt/Gt double mutants, but not DCC −/− or Neo1 Gt/Gt single mutants, more closely mimic the phenotype in Ntn1 −/− animals. To test whether PNs upregulate Neogenin in the absence of DCC, we crossed the Neo1 Gt/+ allele into the DCC −/− background. This allowed us to assay β-galactosidase activity as a proxy for Neo1 expression, which is more sensitive than immunostaining. As expected, β-galactosidase reaction product was present in SGNs and the surrounding mesenchyme at E15.5, but not in the AES in either control or mutants ( Figures 4H-4I '; n = 3 control, 4 DCC −/− ). Thus, Neogenin is unlikely to compensate for DCC in migrating PNs.
To be sure that early or low levels of Neogenin in rhombic lip-derived neurons do not explain the stronger phenotype in DCC −/− ; Neo1 Gt/Gt double mutants, we used Wnt1 Cre and a floxed Neo1 allele (Kam et al., 2016) to remove Neogenin from Wnt1+ rhombic lip precursors in a DCC null background. Deletion of Neo1 from early PNs did not enhance the DCC phenotype (Figures S3C and S3D ; n = 3 conditional mutants), making it highly unlikely that Neogenin and DCC function redundantly in PNs. Additionally, though more PNs migrated all the way into the cochlea in DCC −/− ; Neo1 Gt/Gt double mutants than in DCC −/− single mutants, similar numbers entered the nerve roots in E15.5 animals of both genotypes. Ntn1, therefore, appears to act largely through DCC to prevent PNs from crossing the CNS-PNS boundary but may influence their subsequent behavior through Neogenin expressed in other tissues.
Ntn1 −/− Mutants Retain Boundary Cap Cells at Nerve Roots
Our results show that, in addition to its canonical role as a chemoattractant, Ntn1 contributes to CNS-PNS segregation, raising the question of how Ntn1 mediates this function. Many cellular structures contribute to the compartmentalization of the CNS. Neural crest-derived boundary cap cells (BCCs), for example, reside at all spinal nerve roots, and loss of BCCs or the cues they secrete results in the ectopic migration of motor neurons into the ventral root (Bron et al., 2007; Garrett et al., 2016; Mauti et al., 2007; Vermeren et al., 2003) . The role of BCCs in the hindbrain is less well understood, though they reside at the trigeminal and facial nerve roots in mice (Garrett et al., 2016) and chicks (Niederländer and Lumsden, 1996) . Loss of Ntn1 could alter the position of BCCs at cranial nerve roots, in turn permitting the departure of CNS neurons along nerves.
To test this possibility, we used RNAscope to detect Egr2, one of the only markers for BCCs (Vermeren et al., 2003) , and counterstained for laminin to assess the distribution of BCCs at the Vth, VIIth, and VIIIth nerves. At E11.5, when DCC+ processes have already entered the periphery ( Figure S1 ), Egr2+ BCCs were observed at nerve entry and exit sites in both controls and mutants (Figures 5A-5B''; n = 3 animals per genotype). This result is not unexpected, given that, based on the number of ectopic CNS neurons in the periphery, the Ntn1 −/− hindbrain phenotype is much more severe than what was previously described in animals lacking BCCs (Vermeren et al., 2003) . These data show that Ntn1 maintains the CNS-PNS divide through mechanisms distinct from those of BCCs.
Ectopic Neurons Exit the CNS Independent of Defects in BM Organization
In addition to BCCs, an effective CNS-PNS border depends on BM integrity, which is maintained, in part, by radial glial endfeet lining the pial surface. Deletion of BM components or detachment of radial glial endfeet from the pial surface causes BM rupture, defects in neuronal migration, extrusion of cortical neurons into the subarachnoid space, and ectopic migration of spinal cord motor neurons into the ventral root (Beggs et al., 2003; Halfter et al., 2002; Lee and Song, 2013; Moore et al., 2002; Nakagawa et al., 2015; Satz et al., 2010) . Since Netrins affect BM integrity in some tissues (Abraira et al., 2008; Liu et al., 2004; Srinivasan et al., 2003; Yebra et al., 2003; Ziel et al., 2009) , we wondered whether loss of Ntn1 might cause defects in the pial BM or in the organization of the radial glial endfeet, thereby enabling PN exodus.
To assess BM integrity prior to the earliest signs of the phenotype, we performed transmission electron microscopy (TEM) of E10.5 control and Ntn1 −/− animals. At this age, the BM looks like a thin, diffuse rope surrounding the hindbrain, and we were able to follow the BM from the ventral edge of the VIIIth nerve root to the midline. The appearance of the BM was highly variable, altering in thickness, smoothness, and curvature, with no discernable pattern in WT and null animals (Figures 6C and 6D ; n = 3 WT, 4 Ntn1 −/− ). In rare cases, we observed what appeared to be ectopic processes reaching into the periphery, yet the surrounding BM still did not look diminished in a way that would, a priori, enable neurons to exit.
Several days later, the BM in Ntn1 −/− mutants still looked intact overall, as assessed by laminin staining. However, small ectopic breaks were consistently observed near the AES and the vestibulocochlear nerve (Figures 5E-5F''; n = 3 Ntn1 −/− ), where ectopic DCC+ processes protrude, resulting in a significant decrease in the area covered by laminin adjacent to the AES ( Figure 5G ; n = 4 control, 5 Ntn1 −/− ears). These breaks appeared independent of impaired radial glia architecture, whose RC2/Nestin+ endfeet remained attached to the pial surface in E15.5 mutants, as in controls (Figures 5H and 5I ; n = 2 control, 3 Ntn1 −/− ). Moreover, at the sites of BM breaks, the radial glial endfeet projected further without showing obvious changes in their morphology or organization ( Figure 5I' ). Since BM integrity is normal at E10.5, with no apparent changes in radial glia organization at E15.5, it is unlikely that Ntn1 is required for BM integrity per se, consistent with the fact that Ntn1 has no effects on laminin assembly in vitro (Schneiders et al., 2007) . Altogether, the lack of defects in key cell types that contribute to CNS integrity indicate that Ntn1 in the SPR acts directly on migrating neurons to keep them in the CNS.
SPR-Localized Ntn1 Produced by Hindbrain Progenitors Is Required for Confinement
Our results contrast with those from previous studies that reported no phenotypes in the spiral ganglion of Ntn1 hypomorphs (Howell et al., 2007; Kim et al., 2016) . These differences could be attributed to the hypomorphic nature of the Ntn1 trap/trap mice, which show a weaker phenotype: many PNs get close to their final destination ( Figures S4D and  S4D' ), and there are significantly fewer Pax6+ cells in E15.5 Ntn1 trap/trap cochleae ( Figures   S4B-S4C '; n = 6 cochleae). The number of ectopic neurons remained unchanged at E18.5 ( Figure S4E ; n = 6 cochleae), further indicating that, unlike null animals, the phenotype does not worsen as later born PNs migrate out. Despite this difference, the pontine nuclei are absent in Ntn1 trap/trap animals, indicating that confinement and guidance are differentially affected by the loss of Ntn1, possibly due to differences in the availability or localization of Ntn1 in vivo.
In the developing hindbrain, Ntn1 is present both in the FP and in the SPR (Figure 1 ) (Dominici et al., 2017; MacLennan et al., 1997) . We wondered whether the role in confinement might be attributed specifically to Ntn1 in the SPR, which is primarily supplied by progenitors in the ventricular zone (Dominici et al., 2017; Varadarajan et al., 2017) . Using Nestin Cre/+ (Zimmerman et al., 1994 ) and a floxed allele of Ntn1, we significantly reduced Ntn1 in the SPR of Nestin Cre/+ ; Ntn1 fl/− (Nestin conditional knockout [cKO]) animals (Figures 6A-6D ; n = 2 controls and 3 Nestin cKO). Despite the presence of residual Ntn1 protein (Figures 6C and 6D ) and transcript ( Figures 6E and 6F ) at the FP, PNs migrated ectopically into the ear (Figures 6G and 6H ; n = 2 control and 3 Nestin cKO), partially phenocopying Ntn1 −/− animals and fully phenocopying the hypomorphs ( Figure 6I ; n = 6 ears per genotype), which showed a similar distribution of Ntn1 protein, i.e., a severe decrease in the SPR ( Figure 6D ) with residual Ntn1 present at the midline (Figures 6C and  S4 ; n ≥ 3 animals per genotype). These results support two conclusions. First, Ntn1 derived from the ventricular zone-which provides most of the Ntn1 in the SPR-ensures the compartmentalization of the CNS and PNS. Second, residual Ntn1 in hypomorphs and from the FP of Nestin cKO animals is sufficient to reduce the departure of CNS neurons into the periphery, but not to guide them reliably to the midline, as the pontine nuclei are missing in the hypomorph (Serafini et al., 1996; Yee et al., 1999) .
Overexpression of Ntn1 throughout the CNS Rescues CNS-PNS Boundary Integrity
Our results raise the possibility that Ntn1 serves dual functions in the developing hindbrain, both securing the CNS-PNS boundary and attracting PNs to the ventral midline. In this model, the low levels of Ntn1 that persist in Ntn1 hypomorphs may be sufficient to establish a partially functional boundary, but not to mediate guidance to the midline, thereby explaining phenotypic differences between the hypomorphic and null mutants. Thus, Ntn1 could act instructively in a gradient to direct PNs to the midline and permissively in the SPR to keep them in the CNS.
To disambiguate these two possible functions, we disrupted Ntn1's role as a guidance cue by altering its pattern of distribution using a Cre-dependent Ntn1 conditional expressor (Ntn1 CE/+ ), which produces a myc-tagged chick Ntn1 protein (cNtn1) with the same biological activity as mouse Ntn1 (mNtn1; Serafini et al., 1994) . E11.5 Nestin Cre/+ ; Ntn1 CE/+ animals showed widespread expression of cNtn1-myc throughout the hindbrain, overlaid on top of endogenous mNtn1 protein in the FP and SPR ( Figures 7A-7B '; see also Figure S5 ; n = 4 Nestin Cre/+ ; Ntn1 CE/+ ). Despite this clear change in Ntn1 protein distribution, PN migration appeared qualitatively normal: PNs reached the midline ( Figures  7E and 7F) , and no ectopic neurons were observed in the periphery (data not shown). To determine whether the lack of a phenotype reflected a dominant role for endogenous mNtn1, we crossed the Nestin Cre/+ ; Ntn1 CE/+ animals onto the Ntn1 −/− background. Both the cNtn1 transcript ( Figure S6 ; n = 3 Nestin Cre/+ ; Ntn1 CE/+ ; Ntn1 −/− ) and protein ( Figures 7C-7D' ; n = 2 Nestin Cre/+ ; Ntn1 CE/+ ; Ntn1 −/− ) were present throughout the hindbrain, with cNtn1-myc enriched in the SPR but reduced at the FP. Thus, we significantly altered Ntn1 localization, thereby distorting any directional information that might be encoded in a gradient while maintaining a rich source of Ntn1 in the SPR.
Despite the drastic change in Ntn1 distribution, PN migration was surprisingly normal in all Nestin Cre/+ ; Ntn1 CE/+ ; Ntn1 −/− embryos (n = 4), as evidenced by the presence of both a well-defined AES and PNs at the midline where the pontine nuclei are normally found ( Figure  7G ). Although some PNs reached the midline in all animals, the extent of rescue varied, even between the two sides of the animal. We observed a complete rescue in 4 out of 8 cases (two per embryo), as defined by a qualitatively normal AES and no PNs detected in the periphery ( Figures 7H and 7I ). In the other cases, the AES was misshapen and sometimes accompanied by clusters of Pax6+ neurons in the proximal segment of the vestibulocochlear nerve or sparse Pax6+ neurons in other cranial nerves ( Figure 7J ). Although PNs appear to be resistant to major disruptions in the pattern of Ntn1 expression, these occasional errors may reflect some requirement for the WT pattern of Ntn1 expression. Alternatively, the degree of rescue may be sensitive to slight variations in the timing or efficiency of Nestin Cremediated recombination. Importantly, none of the embryos contained Pax6+ neurons in the cochlea. Thus, broad expression of Ntn1 is sufficient to restrict PNs from migrating into the periphery, consistent with the model that Ntn1 acts locally to provide a preferred substrate for neuronal migration, thereby keeping neurons confined to the CNS.
DISCUSSION
In the developing hindbrain, rhombic lip-derived neurons migrate long distances to form brainstem nuclei amidst a crowded network of nerves linking the CNS and PNS. We show here that SPR-localized Ntn1 maintains the CNS-PNS divide by preventing these highly motile neurons from straying into cranial nerves and entering the periphery. Our findings point to a model in which Ntn1 in the SPR acts as a preferred substrate for migrating neurons, thereby keeping them away from nerve roots devoid of Ntn1. Like flags marking a hiking trail, Ntn1 facilitates the successful migration of rhombic lip-derived neurons by establishing a preferred corridor for growth. Without this corridor, the neurons wander off trail, losing track of and failing to reach their destination.
In support of the idea that Ntn1 acts in the SPR to keep migrating neurons on track, migrating PNs express the Ntn1 receptor DCC and respond to Ntn1 in vitro (Yee et al., 1999) . Ntn1 protein is also notably enriched in the SPR but absent at cranial nerve roots, which rhombic lip derivatives avoid. Thus, DCC+ PNs may prefer the Ntn1-rich environment surrounding the nerve roots so much that they reliably migrate around them, with the Ntn1-negative gap discouraging their entry. In agreement with this interpretation, the amount of Ntn1 in the SPR correlates with the strength of the confinement phenotype. For instance, using Nestin Cre to selectively reduce Ntn1 in the SPR but not the FP caused many PNs to enter the periphery. More strikingly, no ectopic PNs were observed in the cochlea when Nestin Cre was used to restore cNtn1-myc only to the SPR in the null background, where Ntn1 is never produced by the FP and the broad ectopic distribution of Ntn1 throughout the hindbrain obscures any positional information normally encoded by localized Ntn1. Thus, the pattern of Ntn1 expression does not seem to matter for the confinement of migrating neurons, as long as Ntn1 protein accumulates in the SPR.
Although a direct role for Ntn1 seems most likely, indirect effects might also contribute to the overall phenotype. For example, the departure of PNs could be facilitated by the presence of errant axons from earlier born neurons that breached the CNS-PNS border. However, such a mechanism is unlikely to account for the entire phenotype, as both neuronal cell bodies and processes have already entered the periphery at E11.5 (arrows in Figure  S1B ''), the earliest point when we can detect a phenotype. Likewise, PNs appear segregated from other DCC+ ectopic axons in the VIIIth nerve, and these ectopias can arise independently ( Figure S2) . Thus, the departure of neurons does not seem to depend, a priori, on the presence of a pre-existing ectopic axon tract. It is, of course, possible that PNs occasionally migrate along earlier born ectopic processes as they escape the CNS, similar to the fasciculation of PN leading processes within the normal AES (Ono and Kawamura, 1990) and of later born axons that follow pioneer axons toward their targets. However, this would not rule out or diminish the role of Ntn1 in the confinement of rhombic lip-derived neurons overall.
In another scenario, SPR-localized Ntn1 could promote or maintain a physically sound CNS-PNS boundary, in addition to affecting neuronal migration. While we cannot rule out subtle changes, the overall organization of the CNS-PNS boundary appeared intact in Ntn1 −/− animals. BCCs were present at nerve roots, and there were no obvious changes in the integrity of the BM surrounding the hindbrain, consistent with the fact that Ntn1 has no effect on BM assembly in vitro (Schneiders et al., 2007) . These data suggest that Ntn1 acts directly on PNs to corral them within the SPR, thereby preventing them from leaving the CNS altogether. Our findings add to a growing body of evidence supporting a permissive role for Ntn1 (Dominici et al., 2017; Varadarajan et al., 2017; Yamauchi et al., 2017) , and they expand the repertoire of Ntn1 functions in the developing nervous system.
Distinct Functions for Ntn1 in Confinement along the Rostrocaudal Axis
Compared to other aspects of neural development, little is known about the initiation or maintenance of the CNS-PNS boundary, which selectively permits the passage of neural processes-but not cell bodies-into peripheral nerves. Studies in the spinal cord have highlighted the importance of BCCs (Vermeren et al., 2003) and chemorepellents such as Ntn5 (Garrett et al., 2016) , Sema3B, Sema3G, and Sema6A (Bron et al., 2007; Mauti et al., 2007) in retaining motor neuron cell bodies inside the CNS, even as they extend their axons out to the periphery. In stark contrast, confinement phenotypes have not been reported in the hindbrain, although BCCs express similar repellents at cranial nerve roots. For example, we found no evidence of ectopic Pax6+ neurons in the cochlea of Ntn5 −/− mice (data not shown), despite the presence of ectopic motor neurons in the spinal cord (Garrett et al., 2016) . This discrepancy underscores two points. First, the molecular mechanisms that define the CNS-PNS boundary in the vertebrate brainstem remain unknown; and second, the hindbrain and the spinal cord may have evolved unique ways of maintaining the CNS-PNS boundary.
Indeed, our work illustrates that the same molecule may have distinct functions in hindbrain versus spinal cord confinement. In the spinal cord, Ntn1 plays a relatively limited role, preventing the axons of a single population of neurons from straying into the periphery. Notably, the cell bodies do not follow in Ntn1 mutants (Laumonnerie et al., 2014) . Thus, in this context, the misrouting of CNS axons into the PNS is much like other axon guidance phenotypes. In contrast, in the hindbrain, Ntn1 signaling appears to play an integral role in defining the CNS-PNS boundary, as evidenced by both the sheer number of neurons exiting the CNS and, most importantly, the departure of cell bodies, which an effective CNS-PNS boundary absolutely forbids. These differences in Ntn1 function may reflect the distinct developmental demands of the two brain regions: whereas migration is limited in the spinal cord, there is extensive migration of multiple populations of neurons over long distances and past multiple nerve roots in the hindbrain. As such, having a centrally derived cue play a weightier role in confinement may offer the greater fidelity and robustness needed for rhombic-lip derivatives to complete their migratory routes successfully. It remains to be seen whether another centrally derived cue might play a more prominent role in confinement in the spinal cord, particularly since most motor neurons stay within the CNS, even when all BCCs are ablated (Vermeren et al., 2003) .
Cell-Autonomous and Non-Cell-Autonomous Functions for Multiple Ntn1 Receptors in Confinement
Our findings provide additional evidence for Ntn1's multifunctionality, which likely depends on its diverse repertoire of receptors. PNs express receptors mediating both attraction, such as DCC, and repulsion, such as Unc5B/C. However, Ntn1-mediated confinement does not seem to depend on repulsion, since PNs remain within the CNS in Unc5b and Unc5c mutants (Di Meglio et al., 2013; Kim and Ackerman, 2011) . Moreover, both HoxB4+ (Unc5B-low) and HoxB4− (Unc5B-high) PNs (Di Meglio et al., 2013) escape into the periphery in Ntn1 hypomorphs ( Figure S7 ), indicating that differential responsiveness to Ntn1 cannot account for the partial phenotype. Thus, Unc5B/Cs appear to influence only the later stages of Ntn1-mediated PN migration, comparable to the way Unc5A/Cs position commissural neuron cell bodies in the spinal cord but are not required for confinement of their axons (Laumonnerie et al., 2014) .
In contrast, as an obligate receptor expressed on commissural axons and PNs, DCC mediates confinement in both the spinal cord and hindbrain. We also discovered a surprising role for Neogenin in trans, as Neo1 is neither expressed nor required in migrating PNs, though it is present at low levels throughout the neuroepithelium and at higher levels on cranial nerves and in the surrounding mesenchyme. These data suggest that complete containment depends both on Ntn1-DCC signaling within PNs and also on Ntn1-receptor interactions in the environment. Since Ntn1-Neogenin interactions mediate adhesion in the developing mammary gland (Srinivasan et al., 2003) , similar interactions in the BM around the VIIIth nerve could prevent movement into the nerve root, providing an additional safeguard for CNS-PNS segregation. However, any effects of Ntn1 signaling on the structural integrity of the CNS-PNS border are likely to be subtle, as the BM did not appear strikingly different in Ntn1 −/− mutants by electron microscopy (EM) or immunostaining. Moreover, PNs stay confined to the CNS in ISPD mutants (data not shown), which have fragmented BMs (Wright et al., 2012) . Hence, disrupting boundaries alone is not sufficient to induce the departure of CNS neurons, indicating that Ntn1 plays an active signaling role across multiple cell types in confining migrating neurons to the CNS.
Finding Unity in Ntn1's Diverse Functions: a Role for Locally Produced Ntn1 in Neural Development
In addition to being the archetype of diffusible guidance cues, much of Ntn1's prominence can be attributed to its versatility. Beyond its role in axon guidance, cell migration, and confinement, Ntn1 modulates angiogenesis and tissue morphogenesis, cell adhesion, synapse formation, and cell survival in cancer (reviewed in Cirulli and Yebra, 2007; Lai Wing Sun et al., 2011) . Historically, a large emphasis has been placed on the division between long-and short-range functions, which are categorized based on where Ntn1 acts relative to the source of its expression. For instance, textbook models of Ntn1 as a long-range attractant depict commissural axons navigating along an increasing gradient of FP-derived Ntn1 in the spinal cord. The situation in vivo, however, is more complicated. Although Ntn1 is distributed in a gradient in the spinal cord (Kennedy et al., 2006) and can act over a distance in vitro Yee et al., 1999) , it was purified as a heparin-binding protein and found to interact with BM components, including type IV collagen and heparin sulfate proteoglycans (Geisbrecht et al., 2003; Geisen et al., 2008; Kappler et al., 2000) . This had raised the possibility that it might function at both short-and long-range Kennedy et al., 1994) , and a local role in short-range guidance was soon demonstrated at the optic nerve head (Deiner et al., 1997) . Short-range functions have also been demonstrated during tissue morphogenesis, such as BM breakdown in the inner ear (Nishitani et al., 2017; Salminen et al., 2000) or adhesion between two cell layers in the mammary gland (Srinivasan et al., 2003) .
Our findings add to a growing body of work that suggest that many of Ntn1's other functions in the nervous system may be grounded in local signaling, a shared mechanism that may provide a foundation for its diverse roles. Membrane-tethered versions of Ntn, for example, can rescue guidance defects in the Drosophila nerve cord and visual system that were previously ascribed to soluble Ntn (Brankatschk and Dickson, 2006; Timofeev et al., 2012) . More recently, several groups have demonstrated that commissural guidance depends on ventricular-zone-derived Ntn1 accumulating in the SPR and along the commissural axons (Dominici et al., 2017; Varadarajan et al., 2017; Yamauchi et al., 2017) , expanding on related observations (Charron et al., 2003; Kennedy et al., 2006) . We have similarly revealed a role for SPR-localized Ntn1 in cellular confinement, providing an alternative explanation for both the reduced number of PNs in Ntn1 trap/trap mice, which was thought to reflect Ntn1's tropic and trophic roles (Yee et al., 1999) , and the presence of ectopic neurons in DCC −/− cochleae, which was attributed to a mis-positioning of SGNs (Kim et al., 2016) .
Thus, across multiple species and in multiple regions of the nervous system, Ntn1 appears to act locally to mediate its purported long-range functions.
Given the clear importance of Ntn1 for nervous system wiring, the possibility that Ntn1 may not act as a long-range instructive cue for PNs raises the question of where the directional information comes from. One idea is that a gradient of Ntn1 activity is achieved through interactions with other cues in the environment. Indeed, every confirmed Ntn1 receptor also interacts with additional ligands (Ahmed et al., 2011; Karaulanov et al., 2009; Rajagopalan et al., 2004; Yamagishi et al., 2011) , raising the possibility that Ntn1 is a crucial collaborator for many guidance pathways, perhaps mediating short-range interactions that are necessary for axons to grow reliably toward other ligands. This could occur either directly, i.e., by binding to the same receptors, or indirectly, i.e., by attaching migrating neurons to the BM, where they may be steered by other cues such as Slits. This may explain Ntn1's ability to augment the effect of other guidance molecules synergistically (reviewed in Morales and Kania, 2017) . Thus, even 20 years after its discovery, Ntn1 continues to inform new models for how the complex networks of the nervous system are constructed reliably and accurately using relatively few guidance cues.
EXPERIMENTAL PROCEDURES
Further details and an outline of resources used in this work can be found in the Supplemental Experimental Procedures.
Animal Models
The following mouse strains were used and genotyped as described previously: Ntn1 fl/fl , Ntn1 +/− (Yung et al., 2015) , Ntn1 CE/+ (Nishitani et al., 2017) , DCC +/− ; Neo1 Gt/+ Leighton et al., 2001; Xu et al., 2014) , Neo1 −/− and Neo1 fl/fl (Kam et al., 2016) , Atoh1 CreERT2 (Machold and Fishell, 2005) , Six3 Cre (Furuta et al., 2000) , Nestin Cre (Tronche et al., 1999) , MafB GFP (Moriguchi et al., 2006) , and Ai14 Cre-dependent tdTomato (Madisen et al., 2010) .
Mice were maintained on a C57BL/6 background. Noon on the day of the plug was considered E0.5. Tamoxifen (Sigma-Aldrich) injections were carried out at 20 mg/mL in sunflower oil at 1 mg/10 g of body weight. Since all experiments were performed on embryonic mice, whole litters, which included both male and female mice, were used for experiments. We did not detect any sex-based differences in our phenotype. The ages used in each experiment are included in the relevant text, figures, and figure legends. Experiments were performed with the observer blind to genotype, though the ensuing image analyses were not due to the obvious nature of the phenotypes. All animal experiments were approved by the Institutional Animal Use Care Committee at Harvard Medical School.
Statistical Analysis
All statistical comparisons were done using Prism software (GraphPad, La Jolla, CA, USA) and presented as mean ± SD. Statistical significance was determined by a Student's t test when comparing between two groups. If more than two groups were being considered, a one-way ANOVA was performed with Tukey's multiple comparisons test. In cases of the latter, the multiplicity adjusted p values were included in the figures, and the p value of the ANOVA was reported in the figure legends. Sample size for all experiments was determined empirically based on standards in the field. Specific details for each experiment are included in the text (n values and their meanings) or in the figure legends (statistical tests used).
Highlights

•
Ntn1 is enriched in the sub-pial region (SPR) but absent at cranial nerve roots ) and high-power (C and C') images show strong Ntn1 staining at the FP, on crossing commissural axons at the midline, and in the sub-pial region (SPR) adjacent to the lamininpositive pial basement membrane (magenta). Curiously, Ntn1 appears to be absent from nerve roots (yellow arrowheads). Low (D) and high (E-E') (A-C') E18.5 transverse sections of the base of the cochlea immunostained for Pax6 (A and A') and Gata3 (B and B'). Only mutant cochleae contain Pax6+ neurons (yellow arrowheads), which form a rind around SGNs that express higher levels of Gata3 (C').
(D-G) Whole-mount immunostains of E18.5 cochleae from control and Ntn1 −/− embryos also harboring a MafB GFP allele, which is expressed in SGNs. GFP+ SGN processes (green, D-G) form bundles extending radially to hair cells in both Ntn1 +/− controls (D and E) and mutant mice (F and G). In addition, Ntn1 −/− cochleae contain Tuj-positive PNs (red, E and G) that extend MafB GFP -negative GFP-processes longitudinally over the SGNs and their radial fibers (G; white arrowheads). Merged images shown in (E) and (G). sg, spiral ganglion. Low-(E and F) and high-power (E'-F'') images of laminin (blue) and DCC (green) show an ). cNtn1-myc is broadly distributed throughout the hindbrain (A'), overlaid on top of endogenous Ntn1 protein (A). Whereas mNtn1 is enriched at the FP, cNtn1 is relatively reduced, but both are enriched in the SPR (B and B'). Lowpower images (C, C') show that a similar distribution of cNtn1 persists in the null background, where despite the absence of mNtn1 (C), cNtn1 is present throughout the hindbrain, with less in the floor plate (C'). High-power images (D, D') show that without
